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FOREWORD 


The Electric and Hybrid Vehicle (K1IV) Program was established 
in DOE in response to the Electric and Hybrid Vehicle Research, 
Development, and Demonstration Act of 1976. Response bi lity for 
the EI1V Program resides in the Office of Electric and Hybrid Ve- 
hicle Systems of DOE. The Near-Term Hybrid Vehicle (NTHV) Pro- 
gram is an element of the EHV Program. DOE has assigned procure- 
ment and management responsibility for the Near-Term Hybrid Ve- 
hicle Program to JPL. 

The overall objective of the DOE EHV Program is to promote 
the development of electric and hybrid vehicle technologies and 
to demonstrate the validity of these systems as transportation 
options which are less dependent on petroleum resources. 

As part of the NTHV Program, General Electric and its subcon- 
tractors have completed studies leading to the Preliminary Design 
of a hybrid passenger vehicle which is projected to have the maxi- 
mum potential for reducing petroleum consumption in the near term 
(commencing in 1985) . This work has been done under JPL Contract 
955190, Modification 3, Phase I of the Near-Term Hybrid Vehicle 
Program. 

This volume is part of the Deliverable Item 7 Final Report 
of the Phase I studies. In accordance with Data Requirement 
Description 7 of the Contract, the following documents are sub- 
mitted as appendices: 

APPENDIX A is the Mission Analysis and Performance Specifi - 
cation Studies Report that constitutes Deliverable Item 1 and 
reports on the work of Task I. 

APPENDIX B is a three-volume set that constitutes Deliverable 
Item 2 and reports on the work of Task 2. The three volumes are: 

• Volume I -- Design Trade-Off d r u dies Report 

• Volume II — Sup plement to Design Trade-Off 

Stu die s Repor t , Volume I 

• Volume III -- Co mputer Program Listings 

APPENDIX C is the Prelim in ary Design Data Package that con- 
st: tutos Deliverable Item 3 and "reports on the work of Task 3. 

APPENDIX A is the Sensit ivity A nalysis Repo rt that consti- 
tutes Deliverable I tem 8 and reports "on Task 4. 

The three classifications - Appendix, Deliverable Item, and 
Task number - may be used interchangeably in these documents. 

The interrelationship is shown in the following table. 
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Appendix 

Deliverable 

Item 

Task 

A 

1 

1 

B 

2 

2 

C 

3 

3 

D 

8 

4 


Tit It - 

Mission Analysis and Performance 
Specification Studies Report 

Vol. I - Design Trade-Off Studies 
Report 

Vol. II - Supplement to Design 
Trade-Off Studies Report 

Vol. Ill - Computer Program 
Listings 

Preliminary Design Data Package 
Sensitivity Analysis Report 


This is Appendix D, Sensitivity Analysis Report , which reports 
on Task 4 and is Deliverable Item 8. It presents the study meth- 
odology, the selection of input parameters and output variables, 
the sensitivity study results, and the conclusions of the sensi- 
tivity analysis. 
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Section 1 

INTRODUCTION 


1.1 INTRODUCTION 


This is Appendix D, Sensitivity Analysis Report (Deliverable 
Item 8). It reports on Task 4 and is part cf Deliverable Item 7, 
Final Report , which is the summary report of a series which docu- 
ments the re sults of Phase I of the Near-Term Hybrid Vehicle Pro- 
gram. This phase of the program was a study leading to the pre 
liminary design of a five-passenger hybrid vehicle utilizing two 
energy sources (electricity and gasoline/diesel fuel) to minimi 
petroleum usage on a fleet basis. 


The program is sponsored by the U.S. Department of Energy 
(DOE) and the California Institute of Technology, Jet Propulsion 
Laboratory (JPL) . Responsibility for this program at DOE resides 
in the Office cf Electric and Hybrid Vehicle Systems. Work on 
this Phase I portion of the program was done by General Electric 
Corporate Research and Development and its subcontractors under 
JPL Contract 955190. 


This volume presents the study methodology , the selection of 
input parameters and output variables, the sensitivity study re- 
sults, and the conclusions of the sensitivity analysis. 


1.2 OBJECTIVES OF SENSITIVITY ANALYSIS (TASK 4) 


The objective of Task 4 - Sensitivity Analysis - is to deter- 
mine the impact of variations in selected parameters on the util- 
ity, the economic attractiveness, and the marketability of the 
hybrid vehicle. The parameters to be varied include travel char- 
acteristics, energy costs, hybrid vehicle lifetime, maintenance 
costs, and fuel economy of the Reference ICE Vehicle. 


1.3 SUMMARY 

The sensitivity studies were performed using the vehicle de 
sign, computer program (IIYVELD) . All the results presented in this 
report pertain to the parallel hybrid configuration without second- 
ary energy storage. The sensitivity of hybrid vehicle design to 
the power train configuration and component characteristics was 
reported in SRD-79-075, Design ^Vade-Off Studies Report, Volume I. 

Results are presented for the effect on electric range re- 
quirements of changing the annual mileage statistics for the vari- 
ous missions. The effect of a 17% change in annual mileage at a 
fixed electric range depends significantly on the percentile of 
travel on the electricity considered. Annual mileage has a signi- 
ficant effect on ownership cost, but it does not effect the differ- 
ences in ownership cost between the hybrid and conventional ve- 
hicles. In general, the ownership costs increase slightly as a 
greater fraction of the total annual miles is driven in urban areas. 
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The price of electricity is relatively unimportant in deter- 
mining the relative ownership costs of hybrid and conventional ICE 
vehicles. In contrast, the price of gasoline has a large effect 
on the rela 1 ’ve ownership cost. Extending the lifetime and re- 
ducing the maintenance of the hybrid vehicle are important factors 
in attaining ownership costs less than those for conventional ve- 
hicles. The gasoline saved by the use of a hybrid vehicle in- 
creases linearly with annual mileage. The gasoline saved increases 
as more of the driving is done in urban areas. Gasoline savings 
are sensitive to the baseline fuel economy of the Reference ICE 
Vehicle. Marketability and fraction of gasoline saved are not 
sensitive functions of electric range at least in the neighbor- 
hood of a 30-mi nominal range. 

1.3.1 CONCLUSIONS 

The major conclusions drawn from the sensitivity analysis 
are the following: 

1. Changes in annual mileage are reflected directly in the 
fraction of the miles that the hybrid vehicle can be driven 
primarily on electricity with the marginal effect increasing 
rapidly when the fraction falls below 50%. 

2. For the lowest cost dc electric drive system and high- 
volume production, the initial cost of the hybrid vehicle 
would be $1200 to $1500 higher than that of the conven- 
tional vehicle. This cost differential would be $1600 

to $2100 for low-volume production of the electric com- 
ponents . 

3. For nominal energy cccts ($1. 00/gal for gasoline and. 4.2$/ 
kWh for electricity) , the ownership cost of the hybrid 
vehicle is projected to be 0.5 to l.OC/mi less than the 
conventional ICE vehicle. To attain this ownership cost 
differential, the lifetime of the hybrid vehicle must be 
extended to 12 years and its maintenance cost reduced by 
25% compared with the conventional vehicle. 

4. The ownership cost advantage of the hybrid vehicle increases 
rapidly as the price of fuel increases from $1 to $2/gal. 

The effect of the cost of electricity on ownership cost 

is small for electricity prices between 2.5$ and 8.5$/kWh. 

5. Annual mileage and fraction of miles in urban driving do 
not significantly affect the ownership cost differentia] 
between the hybrid and conventional vehicles. 

6. Changes in general economic conditions (i.e., the infla- 
tion rate) do not significantly affect the ownership cost 
differential between the hybrid and conventional vehicles. 
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Annual I uo I !iavn,<]s using tho hybrid vehicle ,- m . ‘dMnulv 
<lop,. ndr.nl on I ho I uo I economy baseline used for 1 ho R rd 
OJOIU-'O 1(1. Vi dvr ole. Using pro joot od 10HS I UO I economy 
valui'H l ho hybrid vehicle would havo a fuel savings of 
about 557. or 2 50 gal per vehicle. 1 

Hybrid vehicles would bo oconoiiii ca I I y a t I rue I i v< * to a w i dr 
yroup of new oar buyers with the ownership cost and ( rar- 

.mMllbh T’ • 5a ved vary i n< j only slightly botwoor. I ho 35th 
and OOth percent ilo ol oar owin' in. 

The economic attractiveness of the hybrid vehicle in not 
a strong function of design electric range for chances 
in range between 30 to 40 mi. J 

Hybrid vehicles using diesel engines have a slight advan- 
tage in ownership cost (0.5 - l.OC/mi) compared to those 
using gasoline engines, but the gasoline engine-powered 
hybrid has a slightly greater ownership cost differential 
vehicle^ 0 Comparod to the corresponding conventional 
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Section 2 

STUDY METHODOLOGY 


2.1 INTRODUCTION 

TIk- Mission Analysis (Task 1) and Design Trade-Oil. dlndy 
('I'ask 2) i I'sn I I ii ( ' » ^) foMospond t.o ,i sol o| nominal value;; 'or 
liavol oliai aol oi . si i os, energy oos I s , general econo 1 be eon <t ion:., 
hyloid vehicle 1 i 1 « • t i iih > and ma i n l onanoo , and I no I economy ol I ho 
1 olci "iii'o K’K vehicle. The nominal va i nos us<>d in 'Cask I and 
Task A, were host estimates ol the vu lions paiameteis, hid, willi- 
out question, there is eons i de t ah le uncertainty regarding some 
o I t ho pa rumo I e rs . 

This study (Task 4) is concerned with the impact of varyinq 
so lot; ted parameters around the nominal values (i.e., higher and 
lower) . The impacts of particular interest are the utility of 
the hybrid vehicle, its economic attractiveness and marketability, 
and the fuel saved relative to the reference Id' vehicle. home 
of the parameters selected for study were specified by the Jet 
Propulsion Laboratory (JPL) in the work statement for Task 
Others were included in the sensitivity study because the work in 
Tasks 1 and 2 indicated their impact wculd be parti enl ..riv sig- 
nificant. 

The approach used and the scope of the sensitivity study per- 
formed are discussed in the following sections for the parameters 
related to Mission Analysis and Design Trade-Off Studies. 

2.2 MISSION ANALYSIS-RELATED STUDIES 


The methodology used in the mission analysis-related sensi- 
tivity studies was the same as that used to obtain the result.' 
presented previously. ' l > The method requires data on annual mile- 
age. However, there is considerable uncertainty regarding such 
data. Therefore , the sensitivity of the changes in hybrid ve- 
hicle range? requirements to changes in annual mi leago was studied 
by assuming u ■ 7" variation in the annual, mileage statistical 
distributions (•! ) (see Figure 2-1). The results of the tri p- 
characteristic computer calculations for the stated variations 
in annual mi leago are given in Tables 2-1 and 2-2 for the various 
mi ss ions . 

It is of .interest \:o compare the annual mileage distributions 
used in the present study with some recent data published by U.P. 
News and World Report . (Ui'.NWU) . M ) This is done in Figure 2-2' us r - 
i ng the all-purpose mission curves I rom Figure 2-1 because the all- 
purpose mission most, closely mutches I he general character ot the' 
responses to fine USNWJt ques t i onna i to . The agreement between the new 
dat.a and that used in the present study is quite good. 
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RANDOM TRAVEL ONLY 

LOCAL TRAVEL NOT INTERCITY 
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PERSONAL BUSINESS INSIDE SMSA 
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Figure .’-l. Annual Random Travel Mileage 
Character! sties 


yz ALL PURPOSE TRAVEL 
'' INSIDE SMSA 


ALL PURPOSE TRAVEL 
OUTSIDE SMSA 


data from y t §. news 

9 AND WQRiD REPORT SUPVEY 
FOR ALL CARS 


1 000 0.01 0 1 1 10 30 50 70 90 98 99 99.8 

CUMULATIVE DISTRIBUTION ( % OF VEHICLES I 

art! l-l. Annual Tinwi Mileage Cha rae t e t i st. i cn 


ORIGINAL PAGE IS 
OF POOR QUALITY 



GENERAL ELECTRIC 


4 


2.3 RELATED DESIGN TRADE-OFF STUDIES 

These sensitivity studies dealt with determining the imoact 
of variations of travel characteristics, energy cos£s aenoral 

2nd"?n^ C ° niUti0n !' !'>' brid vehicle lifetime fnd maintenance Jests 
and fuel economy of the reference ICE vehicle on 1 he utility of ' 

marketabilitS hlCl 1\h tS /T 10mic attra ctiveness and 'thus, its 
marketability, and the fuel saved relative to an ICE vehicle Thn 

(HYVELD? 1 Sn. St ? dXeS W ° re performed usinc J the Hybrid Vehicle Design 
Task 2 p f°9 ram which was also employed extensively in 

H??ELo'„as d^Ilpedlo^h^fmosfo? X 9iVe " in 

which thP th J most of the important parameters on 

changed b/smp^ veV 

di scussedhherein^uite'^straightforward'^and ^ t P “^ -udies 

is giver^i^Table 2-3 sensitivities studied using HYVELD 

Kp equal to 0.02 kW/lb. The sensitivity of hvbrid whio? a ■ 
in W detail 1 ln C Tafk 9 2^5 :iC,n i and component characteristics was stidied° 
e S&O* al 

iha^ h 

SSi P? P? r ?i lel hybrid approach was far superior to the others V 

results “ tb; 
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Section 3 


SELECTION OF INPUT PARAMETERS 
AND OUTPUT VARIABLES 


In any sensitivity analysis/ there are input parameters which 
are varied systematically and output variables or functions on 
which the effect of altering the input parameters is to be deter- 
mined. In the present study, the input variables are the following 

1. Travel Characteristics 

• Annual mileage 

• Fraction of miles in city driving 

• Daily travel statistics 

2. Energy costs 

• Gasoline and diesel fuel price 

• Electricity price 

3. Vehicle lifetime and maintenance costs 

• Effective lifetime of the hybrid vehicle 

• Fractional reduction of maintenance costs relative 
to a conventional vehicle 

4 . General economic conditions 

• Discount rate 

• Interest rate 

• Inflation rate 

5. Fuel economy of the Reference ICE Vehicle 

• Miles per gallon in city driving 

• Miles per gallon in highway driving 

6. Drive-line component costs 

7 . Engine type 

The output variables or functions which are determined for the 
combinations of input parameters are the following: 

1. Electric range requirement 

2. Initial cost of the vehicle 

3. Ownership cost 

4 . Fraction of fuel saved or <|jj-.nual fuel saving 
5. Market penetration 


The input parameters which will be varied and the range of values 
used are discussed in Section 3.1. The output variables and how 
they are related to the input parameters are discussed in Section 

3 * 2 * 
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3.1 SELECTION OF INPUT PARAMETERS 


3.1.1 TRAVEL CHARACTERISTICS 


3. 1.1.1 Annual Mileage 


Annual mileage is an important parameter for at least two 
reasons. First, it has a strong influence on daily travel sta- 
tistics and, thus, on the fraction of miles that the hybrid vehi- 
cle can be operated primarily on electricity. Secondly, the an- 
nual mileage influences directly the effect of fixed costs on op- 
erating cost and the total annual fuel consumption of both the 
hybrid and conventional vehicles. Annual mileage statistics are 
given in Figure 2-1 for various missions and localities. Average 

by the Jet Propulsion Lab- 


annual mileage values were specified 
oratory as follows: 

• 

Low 

- 11,022 

• 

Med ium 

(nominal) - 11,852 

• 

High 

- 12,682 


In all sensitivity calculations in which annual mileage was not 
the input parameter under study, the nominal annual mileage of 
11,852 was used. 

3. 1.1. 2 Fraction of Miles in City Driving 

Since the hybrid vehicle utilizes primarily electricity in 
urban driving, the fraction of miles driven in the city is an im- 
portant factor influencing both operating cost and energy usage. 
For purposes of a fuel economy projection, the Environmental Pro- 
tection Agency (EPA) uses a city/hicjhway mileage split of 55/4 5. 
Analysis of available travel data^J indicates that for areas 
within Standard Metropolitan Statistical Areas (SMSAs) a city/ 
highway mileage split of 65/35 was more appropriate. As a result 
the 65/35 split was adopted as nominal for the present hybrid 
vehicle study. In the sensitivity analysis, the fraction of mile 
in city driving was varied as follows: 


• 

Low 

- 0.55 

• 

Nominal 

- 0.65 

• 

High 

- 0.75 


3 .1 .1 .3 Daily Travel Statistics 

The designation "daily travel statistics" means either the 
fraction of days or the fraction of miles driven on days in which 
the total mileage on that day is less than a specified value. 

This is conveniently expressed as "accumulative probability dis- 
tributions," as shown in Figures 3-1, 3-2, and 3-3. H) Daily 
travel statistics are an input quantity when one is considering 
the fraction of miles that can be driven on electricity but can 
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CUMULATIVE DISTRIBUTION 
(PERCENT OF SEC.) 

Figure 3-1. Daily Random Travel for All Travel - Percent 
of Vehicle Miles - as a Function of Annual 
Miles 

be an output quantity when one is considering the effect of 
annual mileage. Daily travel statistics are utilized in the pres- 
ent study to investigate the effect of vehicle electric range on 
ownership cost and gasoline saved by potential car buyers in stated 
percentiles of auto use (annual mileage) . The sensitivity of hy- 
brid vehicle economic attractiveness to percentile of auto use 
is an indicator of the possible market penetration of a particular 
hybrid vehicle desiqn. For this purpose, the daiJy statistics 
g ven in Figure 3-3 have been converted in Table ■i-1 to t he to.1 .low- 
ing inputs for the sensitivity analysis. 
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Figure 3-2. Effect of Vehicle Range on Vehicle Use - Percent 
of Vehicle Miles, Inside SMSA, Personal Plus 
Work Travel 



CUMULATIVE DISTRIBUTION 
( PERCENT OF DAYS ON ELECTRIC PRIMARY ) 


Figure 3-3. Effect of Vehicle Range on Vehicle Use - Percent 
of Days, Inside SMSA, Personal Plus Work Travel 
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Tab I n 3-1 


VEHICLE IJHE f’ENfU'l' I Vl'J'Y INPUTS 


Total 

Annual 

Miles 

Urban 

Miles 


Fraction of Mi les 
tricity in Urban 

on Elec- 
Dr. i ving 

X El octric 
\Primary 
Percentile Range 
of Use \ 

30 mi 

35 mi 

40 mi 

8,571 

6,000 

35 

0.79 

0.86 

0.905 

9,714 

C ,800 

50 

0.72 

0.81 

0.865 

11,860 

8,300 

75 

0.57 

0.66 

0.74 

14,715 

10,300 

90 

0.43 J 

0.53 

0.61 


i .1 . 2 ENERGY COSTS 


There are three energy costs of interest in the present 
study: 

• Gasoline price 

• Diesel fuel price 

• Electricity price 

Energy costs have a direct impact on the operating costs of both 
hybrid and conventional vehicles, but the impact of rising petro- 
leum fuel costs on the hybrid vehicle is less than for the con- 
ventional vehicle. Hence, the hybrid vehicle becomes more eco- 
nomically attractive as fuel prices increase. Energy costs in 
1985 were specified by the Jet Propulsion Laboratory. Those val- 
ues were used directly, but he range of values was extended as 
shown in Table 3-2 below to account for the accelerated rise in 
energy costs in recent months. 

Table 3-2 


ENERGY COSTS 


Energy 

Unit 

Low 

Nominal 

11 ig h 

Extreme 

Electr ic ity 

$/kWh 

3.80 

4 .20 

5.50 

7.50 

Ga sol i tie 

$/jnl 

0 . 67 

0 . 9 6 

1 .24 

2 . 5 0 

Diesel 

$/gal 

0.60 

0.8 9 

1 . J 5 

2.50 


In the 11YVELD program, diesel fuel is treated in terms of its 
gasoline equivalent by energy content. Thus, the diesel unit 
price? shown in the table is reduced by a factor ot I . 1 r > to get 
the equivalent, price of gasoline (e.g., a diesel fuel price ot 
$l/gal is equivalent to $. 87/gal for gasoline). 
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jtL 3 - N - - MAj -N'l'KjN ANC1- < ’< W}'?. 

Vohiolo Ufoti.no is an important factor 1 rollia- 

of fho d?IJuiV-?ho«l)‘wa'»‘ a B»u-.-«l -l*. 

relationship 


N - I 

(Nh-i ) 

DPV y ~ ‘ ° Nll *" j 


(or) 


whore 

DPV - depreciated value after N years 
NL - vehicle lifetime 
OC - original vehicle cost 

, A i_ i. hf , nor iod of time over which 

in this sense, vehicle 1 icantly above a scrap price, 
the vehicle has resale value gn £ lif etime of a conventional 
In this study it was assumed th hybrid vehicle was varied 

ICE vehicle was 10 yrs and that 0 t he lifetime of the 
between 10 and 15 yrs. cost was i nc i u ded for special treat 

hybrid vehicle, an add it 10 x oarts . The vehicle improve- 

men f st h factor Ss^taKon to'vary between 5 and 10% de- 

^sSiS; ~ extension desired - 

„ nQt . of t he hybrid vehicle (MCHV) was expressed 
relative the conventional. ICE vehicle as 

MCHV “ (1 “ MIFHV) MCCV 

where MIFHV is the maintenance improvement factor used for the> 

- sss *®^ 35 - 

computer runs were made tor the following combinations ot 
vehicle 111 lifetime and maintenance cost parameters. 

- .. -•••• r- ’ " 1 


Nl. 

10 

10, 15 
10, 12 
10, 12 


MIFHV 

0 

0 

0.25 

0.50 


V l OF 

o' 

0.05 

0.05 

0.05 


0.50 0.10 
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1.1 .4 (il 'NERAL ECONOMIC CON111T1 ONS 

The general economic conditions am described in terms ot« he 
inflation rate (IF), interest rate (IF), and d . scount rat e < H) . 
Both the discount rate and ini or eat into increase as he rate of 
inflation increases. Calculations were made lor the lot low. no 
combinations of economic (actors. 


inflation Kate (7.) 
Discount Rate ('«',) 
Interest Rate (7 , ) 


how 

1 

5 

8 


Non. i nn 1 
r > 

7 
i 0 


II ig h 
1 0 
J 1 
i 5 


3.1 .'i FUEL E CONOMY OF THE RE F ERE NCE T C 1’^ VEl fit) J . L 

Both the economic attractiveness of the hybrid vehicle and 
the fuel (gasoline or diesel) saved depend t *- ronq y on 1 
economy assumed for the Reference ICE Vehicle. There >»<«»«- 
arable uncertainty reejardimj the 1985 hvl economy t V.--P; •< 

senqor ICE vehicles because it is not .mown what hi A uc l « ■ ><>"h 
ratings such vehicles will have in 108a, atm, m addit.ron, t 
mauni tude of the discrepancy between MPA ratings and netun o 
oS economy cannoV be^ecumtoly predicted In the 
- tU(Jv the fuel economy pro octi ans developed an the Mission Altai 
sis Task U) were used anci the correction factor recommended by the 
Jet Propulsion Laboratory was assumed to apply in 1J8 j. 


(FE) 


COR 


0.7i <FE) EpA + 2.83 


Sensitivity calculations were made for both 1979 and 1985 fuel 
economy values (corrected and uncorrected) for gasoline engine- 
powered hybrid vehicles and for 1985-corrocted fuel economy values 
Sr dies 1 engine-powered hybrid vehicles. The fuel economy values 
used in the sensitivity studies for city and highway driving are 
listed in Table 3-3 for gasoline and diesel engines. 

Table 3-3 

FUEL ECONOMY VALUES 



Fuel Economy (mpg) 



Engine Type 

City 

Highway 

Year 


Gasoline 

19 

28 

19/9 


Gasoline 

17 

23 

1 979 - 

Corrected 

Gaso.l ine 

28 

42 

19 85 


Gasoline 

22 

32 

1985 - 

Corrected 

Diesel 

2 9 

( 2 r > . r > * ) 

40 

(35*) 

1985 - 

Corn cted 


♦Gasoline equ i valenl 
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J.l.h Fl.HCTHICAh DlUVM-l.INl-: (.'OMPONKNT COSTS AND UNO INK TYFH 


For the most part the sensitivity pa rainet ers discussed in 
previous sections did not deal with the technology ot t lie hybrid 
power t tain, i*e B/ the obarnc tori sties c > f t lie drive— line* eonipon — 
ent.s. A limited number ot results are given in this report 
i n <| t Ik* e f feet of sever.) I elect r i c. 1 1 d r i v/< » options and the diesel 
enn i ne on the initial cost, ol the liyorid vehi f ’|(« and its ownership 
cost.. This is done so that the re 1 nt iv.> magnitudes oi the effects 
of t. he social/ economic t act o r s and the technical inputs can be com- 
pared and assessed. The component cost ehnraclerist i os used in 
the sensitivity study are q i ver in Table 1-4. Note that specific 
cost ($/kW) are qi yen for a low production rate (100,000 units/yr) 
and a h L q h production rate (1,000,000 units/yr). The latter pro- 
duction rate corresponds to that in the United States auto indus- 
try. XU has been assumed that tor the hybrid vehicles to attain 
the desired mniket penetration and lesullant siqnilicaul I net 
savinqs (millions, ol bn i re 1 s/d. ly ) , component pioducliou tales 
parable to I hos.e lor conventional vehicles are required. The 
correspond! nq to tliose h i ijh product ion rates were taken ns I lit 
nominal values in the sensitivity study calculation. 


oom- 
eost ! 


Tab ! i 
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DRIVK- i.INi: (’OMPONUNT COOT CHARACT1 1U I ST i t V. 



Cost (.; 

/k K ) * "1 


(jM cnUuM i ori Ra { r* *]] 


Il.i <)h 

I »ow 

DC - Armature and Field Control 

• Motor 

• Controller 

20.0 

14.1 

30.0 

21.0 

DC - Battery Switching and 

Field Control 

• Motor 

20.0 

30.0 

• Controller 

6.7 

10.0 

AC - Induction Motor and 



Inverter 
• Motor 

i 

13.3 

20.0 

• Inverter 

19.0 

28.5 

— — * . - - — _ 



Fngine Typo 



• Gasoline 

8.5 


• Diesel 

10.fi 

- 


* A M costs in 6/kW; elect tic motors coster! at continuous 
power rating; a I 1 others at peak power iat i nq 
**lliqh produel i on rate is ! , 000 , 000 tin i t s/y i . bow production 
rale is 100,000 units/yr. 


I- If 


.v 


iiijaaffBBS Tg^T:‘.jy.t_a7.r s. i_a tr 
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3.2 OUTPUT VARIABLES 

3.2.1 ELECTRIC RANGE REQUIREMENT 

'T’he electric range requirement of the hybrid vehicle is one 
of the most important design parameters. For the parallel hybrid, 
this requirement sizes the battery pack in most cases and has an 
important impact on both the initial cost of the vehicle and its 
ownership cost. The nominal requirement is that the electric 
range of the hybrid be great enough so that at least 75% of the 
urban miles can be driven using the electric drive system as pri- 
mary. This would permit a savings of about 75% of the fuel used 
by the conventional ICE vehicle in city driving and would also 
have a favorable impact on the economics of hybrid vehicle opera- 
tion. 

3.2.2 INITIAL VEHICLE COST 

One of the requirements in the Near-Term Hybrid Vehicle Pro- 
gram is that the initial cost of the nybrid yehicle be comparable 
to that of the conventional ICE vehicle. This has been interpreted 
to mean that the incremental initial cost of the hybrid should not 
be so great as to discourage, in itself, potential new car buyers 
from purchasing the hybrid vehicle. Therefore, the sensitivity 
of the initial cost to travel characteristics, economic factors, 
and component cost is a key consideration. 

3.2.3 OWNERSHIP COST 

Since the initial cost of the hybrid vehicle will undoubtedly 
be higher than that of the conventional ICE vehicle, it is critical 
that its life-cycle cost ($/mi) be less than that of the conven- 
tional vehicle. The term "ownership cost" means the total cost 
of ownership pro-rated over each mile of use of the vehicle. In 
the present study ownership cost includes both fixed costs, such 
as vehicle depreciation, insurance, registration, etc., and vari- 
able costs such as battery replacement, electricity cost, fuel 
cost, maintenance cost, etc. Ownership cost is a complicated func- 
tion of many of the input parameters discussed in Section 3.1. 
Hence, detailed comparison of the relative effects of various pa- 
rameters on the ownership costs of the hybrid and conventional 
vehicle is probably the most important part of the sensitivity 
analysis task. 

The ownership costs calculated in this study are those of the 
£i.rst owner of the hybrid vehicle and have been averaged over the 
first four years of its life. It was assumed that if the life 
cycle costs of the hybrid vehicle were attractive to the first 
owner, market penetration would be satisfactory and the resale 
of the vehicle to the second owner would present no difficulties. 

3.2.4 FUEL SAVING (Total and Fraction* 


Since the primary objective of utilizing hybrid vehicles fo r 
personal transportation is to save petroleum fuels, the sensitiv- 
ity of fuel savings to the various input parameters is clearly 

]-<) 
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of extreme interest. Fuel savings depend strongly on travel char- 
acteristics, as well as the fuel use characteristics of both the 
hybrid conventional ICE vehicles. Fuel savings are calculated di- 
rectly by the HYVELD program so that determination of the sensi- 
tivity of fuel savings to changes in the various input parameters 
presented no difficulty. 

3.2.5 MARKET PENETRATION 


Assessing market penetration in a quantitative manner is prob- 
ably the most difficult problem associated with the Near-Term Hy- 
brid Vehicle Study. It is relatively simple to identify circum- 
stances which would preclude significant market penetration and to 
identify other situations which would result in very rapid pene- 
tration of hybrid vehicles into the passenger-car market. Neither 
of the extreme cases appear probable in the near-term based on the 
results of the Mission Analysis and Design Trade-Off Tasks. (1/2) 

The projected situation setems to be that for the nominal values of 
the input parameters the initial cost of the hybrid vehicle will 
be about $1500 higher than that of the conventional ICE and that 
by using lead-acid batteries the ownership cost of the hybrid ve- 
hicle will be equal to or slightly lower than the conventional 
vehicle. This means that the break-even price of gasoline is 
about $l/gal for the hybrid vehicle. From the viewpoint of the 
average car buyer, then, there is no clear-cut reason why he/she 
should buy a hybrid vehicle rather than a conventional vehicle 
based on the nominal set of input parameters. The results of the 
sensitivity studies will be used to assess how changes in the 
nominal set of circumstances will influence market penetration 
and how the statistical character of auto usage affects the at- 
tractiveness of hybrid vehicles to segments of the auto market. 
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Section 4 

SENSITIVITY STUDY RESULTS 


4.1 ELECTRIC RANGE REQUIREMENTS 

The effect on electric range requirements of changing the an- 
nual mileage statistics for the various missions - both inside and 
outside Standard Metropolitan Statistical Areas - by '7% is shown 
in Figures 4-1 through 4-4. The same results were given previously 
in Section 2.2 in tabular form (see Table 2-1). It is of interest 
to analyze the effect of the ±7% variation in annual mileage at a 
fixed percentile of miles traveled primarily on electricity (e.g. , 
along a vertical line in Figure 4-1) and for a fixed design elec- 
tric range (e.g., along a horizontal line in Figure 4-1). The ef- 
fect of a ±7% variation in annual mileage statistics on the electric 
range requirement for 75% of daily travel on electricity is shown in 
Figure 4-5 as a function of the percentile of cars used for personal 
and work travel. Figure 4-5 indicates that in this case the ±7% 
variation in annual mileage results in a corresponding ±7% change 
in electric range requirement at each percentile of the auto 
population. 




PERCENTILE OF 
AUTOS 

i. 


„ 1 INSIDE CMSA 

30) PERSONAL & WORK TRAVEL 


1 +7%L 

'50thNOM 
-7% I 



0.01 0.1 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 

PERCENT OF VEHICLE MILES IN RANDOM URBAN TRAVEL 

Figure 4-1. Effect of Vehicle Range on Vehicle Use - 
Percent of Random Miles Traveled, Inside 
SMSA, Personal Plus Work Travel 

It can also be observed from Figures 4-1 through 4-4 that the 
effect of a 4 .7% change in annual mileage at a fixed electric range 
depends significantly on the percentile of travel on electricity 
being considered. For high expected percentiles of travel (^ 75%) 
on electricity a *7% variation in annual mileage has only a small 
effect, but for lower expected percentiles (< 50%) of travel on 
electricity, the effect of the '7% variation is much greater. For 
example, for a primary electric range of 30 mi with cars in the 
75th percentile of use based on annual random travel (miles), a 
»7% change in annual mileage results in the percentage of travel 
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0.01 0.1 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 

PERCENT OF VEHICLE MILES IN RANDOM URBAN TRAVEL 

Figure 4-2. Effect of Vehicle Range on Vehicle Use - Per- 
cent of Random Miles Traveled, Inside SMSA, 
Personal Travel Only 
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Figure 4-3. 
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SOthNOM 
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0.1 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 

PERCENT OF VEHICLE MILES IN RANDOM URBAN TRAVEL 

Effect of Vehicle Range on Vehicle Use - Percent 
of Random Miles Traveled, Inside SMSA, All-Purpose 
Travel (Excluding Intercity Travel) 


on electricity ranging from 28 to 4 8%, which is much greater than 
+7% around the nominal value of 40%. This means that the effect 
of changes in annual mileage is relatively small as long as the 
usage of the hybrid vehicle permits most of the urban driving 
(e.g., 75%) to be done on electricity, but once the percentage 
of miles on electricity falls below 50%, further increases in 
annual mileage result in a rapid decrease in the utility of the 
vehicle using electric ity. 
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4.2 INITIAL VEHICLE COST 


The most important factors in determining the initial cost 
of the hybrid vehicle arc the specific costs of the electric drive 
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Fiaure 4-4. Effect of Vehicle Range on Vehicle Use - 
of Miles Traveled, Outside SMSA, Personal 
Work Travel 
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Figure 4-5 


Effect of Changes in Annual 
Mileage on Electric Range Required 


components and the batteries. As discussed in Section 3.2, the 
costs of the electric urive components (motors, controller, bat- 
tery charger, contactors, etc.) are expected to be significantly 
affected by the volume at which these components arc produced. 
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Thus, two production rates have been identified - low (100,000 
units/yr) and high (1,000,000 units/yr) . The latter production 
rate is comparable to that for components for conventional ICE 
vehicles in the United States. The sensitivity of the initial 
cost of a hybrid vehicle to battery type, electric drive-line 
components, and production rate is shown in Figure 4-6. The cor- 
responding initial cost >'i the conventional ICE vehicle is $57 00 
in 1978 dollars. An examination of the effect of production rate 
on the initial cost of the hybrid vehicle shows that increasing 
the production rate from 100,000 to 1,000,000 units per year is 
projected to reduce the cost of the hybrid by $400 to $600 for 
all the battery and electric drive-line systems considered. This 
represents about a 33% reduction in the cost differential between 
the hybrid and conventional ICE vehicles. 
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ELECTRIC DRIVE SYSTEM CONFIGURATION 


DRIVE SYSTEM DESIGNATION : 

A. High Volume, ac Motor 
and Inverter 

B. High Volume, dc Motor with 
Armature and Field Control 

C High Volume, dc Motor with 
Field Control Only 

D. Low Volume, ac Motor 
and Inverter 

E. Low Volume, dc Motor with 
Armature and Field Control 

F. Low Volume, dc Motor with 
Field Control Only 


Figure 4-6. Sensitivity of Initial Cost of Hybrid Vehicle 
to Electric Drive System Components 

The influence of the type of electric drive-line system (dc 
or ac) on initial cost is also shown in Figure 4-6. The ac drive 
system costs more than the dc drive system; the cost differential 
is $300 to $400 between the ac system and the lowest cost dc sys- 
tem using battery switching and field control to regulate the power 
from the electric motor. This latter dc system is the nominal sys- 
tem in the present study. 
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Battery type also affects the initial cost of the hybrid 
vehicle. Results are shown in Figure 4-6 for ISOA lead-acid, 
Ni-Zn, and Li-S batteries. For the battery cost inputs given in 
Table 4-1, hybrid vehicles using Ni-Zn batteries have the lowest 
cost followed by Li-S and lead-acid. The maximum differences in 
cost are about $500. The cost used for lead-acid batteries 
($50/kWh) is quite realistic and probably attainable while for 
Ni-Zn ($60/kWh) and Li-S ($40/kWh) the cost values are more spec- 
ulative. Whether they can be attained after further development 
of those batteries is open to some doubt. 

Table 4-1 


BATTERY COST AND LIFETIME CHARACTERISTICS 


Battery Type 

$/kWh 

$/lb 

Cycle 

Life 

ISOA Lead -Ac id 

50 

0.95 

800 

Ni-Zn 

60 

1 .80 

500 

Ni-Fe 

60 

1.80 

1500 

Li-S 

40 

2.10 

800 


4.3 OWNERSHIP COST 

The ownership cost; of the hybrid vehicle is critical to its 
marketability because, as seen in Section 3, the initial expense 
of the hybrid vehicle is projected to be about $1200 to $1500 
greater than that of the conventional ICu vehicle. Therefore, 
unless the ownership cost of the hybrid vehicle is lower than 
that of the conventional vehicle, potential car buyers would have 
little economic incentive to purchase the hybrid rather than the 
conventional vehicle. The sensitivity of ownership cost to a 
relatively large number of input parameters has been studied. 

The parameters considered include average annual mileage, fraction 
of miles in urban driving, electricity and fuel costs, vehicle 
lifetime and maintenance costs, general economic factors, and the 
cost of electric drive-line components (motors, controllers, and 
batteries) . All the results given in this section are for gas- 
oline engine-powered hybrid vehicles. A comparison of gasoline 
and diesel engine-powered hybrid vehicles is given later in Sec- 
tion 4.6. 

The effect of average annual mileage on ownership cost (C/mi) 
is shown in Figure 4-7 for annual mileages between 9500 and 12,750. 
Results are shown for hybrid vehicles using lead-acid, Ni-Zn, and 
Li-S batteries. The ownership cost of the reference ICE Vehicle 
is also given in Figure 4-7. The projected ownership costs of 
the hybrid vehicles arc: less than those of the conventional vehicle 
with the effect of annual mileage being nearly the same for all 
the vehicles considered. Annual mileage is seen to have a sig- 
nificant effect on ownership cost, but it does not affect the 
differences in ownership cost between the hybrid and conventional 
vehicles. 
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Figure 4—7. Effect of Annual Mileage on 
Ownership Cost 


^ he f ensi tivity of the ownership costs of hybrid vehicles to 
i-hflt- <-v,I« riC1 u • 1S USed 3n urban driving). Figure 4-8 indicates 

th^Reference^C^VehiclG^an^that^he^if f lG i! leSS ^ ^ 

unaffected bv the frairt™ th f fc tbe . deferences are essentially 
acid and Li-S ba?tSes driVlng es P e cially for lead- 


n ^ m . A J- X the ownership cost results discussed thus far are for the 
nominal energy prices of $1. 00/gal for gasoline and 4.2*/kWh for 

The sensitivit >’ °* the ownership costs of tte hybrid 
t° energy prices is very important. The effect of elec- 
City price on ownership costs is shown in Figure 4-9 for aasoline 
prices of $1 and $2 per gallon, it is seen that increasing III 

vehi t i| ;LCity C °K^ frCm 2 * 5<:/kwh t° 8. 5 C/kWh increases the hybrid 

ship iost W Sf r thi P h5hJ M by tha ” 1C/,ni * In addition, the owner- 
less Ihll hy ^J d vehlcl ? using lead-acid batteries remains 

tricity reaches efs^kWh 0 ?™"^ elec ~ 

Figure 4-9 indicates that the pltcl' o“elSrt?iS J iriilaS^K 6 ” 0 ®' 
unimportant in determining the relative ownership costs of hybrid 
and conventional vehicles. The effect of gasoline price on thl 
ownership cost of hybrid and conventional vehicles is shown in 
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REFERENCE ICE VEHICLE 
Ni - Zn BATTERY 
LEAD -ACID BATTERY 
Li - S BATTERY 
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FRACTION OF MILES IN URBAN DRIVING 

Figure 4-8. Effect of Urban Driving 
on Ownership Cost 

between 65?/g2f°)Sd $2^50/gal? SU irirclIarfroS%r SOli J!i 

of S both e types e 0 f a vehicleI e * 1**18 nSt^ JJ lative ow ^ e ^ hi P costs*" 
in ownership cost begin to become significa^^?*"? - nCeS 
rapidly m the gasoline nrip t . , *l/gal and increas 

electricity pricV^aL^ien^o^Uti Th ° 

the ownership ^cost of^ybrid^hiirl a " d maintenance improvement on 

12 yrs compared with 10 vrc? for- fhn i venicxe nas a lifetime of 
maintenance cost of 25% l ess tha^thf onventional vehicle and has a 
clear from Figure 4-11 that conventional vehicle. !t is 

maintenance of the hybrid vnhioi 1 t ^ IG lifetime and reducing the 
ing ownership costs less tha^t^ 18 a " ; m P ortant factor in atJain- 
•t the nominal energy costs of $1 ^ VGl ; icle - F ° r 5 Xampl< 

for electricity, the ownershin niaJ 0/ f Ju f °5 gasoline and 4. 2 e/kwh 
19«/mi compared with 18 5«/mi P fSr t h ° £ h ® h £ brid vehicle would be 
vehicles had a lifetime of ZZZ * conventional vehicle if both 
a xi retime of 10 yrs and a maintenance cost of 2«/mi. 

costs ^f th^hybrid^and^onvenf ° mi °i con ^f tions on the ownership 
As would be expected tht» vehlclos is shown in Figure 4- 

dollars) as 2 £ “nitiun COS f ““ increase (in octant' 

However, the relative effects on^the^tti betw6c n. 3 and U* per year, 
do not seem to influence S leS “ re 3ma11 a "‘> 

tiveness of the hybrid and conventional TChitles economic at trac- 



OWNERSHIP COST < C / mi ) OWNERSHIP COST ( 0 / mi ) 


GENERAL ip ELECTRIC 


21 r 

20 L 


19 




Ni Zn BATTERY 
REFERENCE ICE VEHICLE 
LEAD - ACID BATTERY 



Li - S BATTERY 


15 


14 U 


GASOLINE - $1.00 /gal 


23456789 10 

ELECTRICITY COST (C/kWh) 


23 

22 

21 

20 

19 

18 

17 

16 

15 

14 


REFERENCE ICE VEHICLE 



LEAD -ACID BATTERY 
Ni-Zn BATTERY 

Li - S BATTERY 


GASOLINE - $ 2.00 / gai 


-l 1 1 1 1 i i i 

3456789 10 

ELECTRICITY COST ( C / kWh ) 


Figure 4—9 • effect of Energy Cost on Ownership Cost 
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Sensitivity of Ownership Costs 
to Various Economic Cost Factors 


The sensitivity of ownership cost to electric drive system 
component costs and production rates is shown in Figure 4-13. The 
effect is at most 1.5~2<Vmi for a specified battery type. This 
magnitude is not large but is significant when compared to the 
difference between the ownership costs of the hybrid and conven- 
tional vehicle at gasoline prices around $ 1/gal . 


4.4 ANNUAL GASOLINE SAVINGS 

The annual gasoline savings depend on the fuel economy character 
istics of both the hybrid and the conventional ICE vehicles. it 
also depends on the way in which the vehicles are used. The total 
annual gasoline savings of the hybrid vehicle fleet is, of course, 
equal to the gasoline savings per vehicle multiplied by the number 
of vehicles in the fleet. The latter factor depends on market pen- 
etration, which is discussed in the next section. 

The effect of annual mileage on gasoline saved per vehicle is 
shown in Figure 4-14. As would be expected, the gasoline saved 
(gal/yr) increases linearly with annual mileage. The savings re- 
sul. ing from the use of N.i.-Zn and I ,.!-}> butteries are higher than 
those using lead-acid because the hybrid vehicles using the advanced 
batteries are lighter in weight. 

The sensitivity of annual gasoline savings to fraction of miles 
in urban driving is given in Figure 4-11. The gasoline saved .in- 
creases as more of the driving ah done in urban areas because this 
permits the hybrid vehicle to utilize the electric drive system 
alone a greater fraction of the time. The fraction of the gasoline 
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DRIVE SYSTEM DESIGNATION 

A. High Volum° ac Motor 
and Inverter 

B High Volume, dc Motor with 
Armature and Field Control 

C. High Volume, dc Motor with 
Field Control Only 

D. Low Volume, ac Motor 
and Inverter 

E Low Volume, dc Motor with 
Armature and Field Control 

F. Low Volume, dc motor with 
Field Control Only 


Figure 4-13. Sensitivity of Ownership Costs 
to Electric Drive System 
Components 

saved compared to the Reference ICE Vehicle is obtained by divid- 
ing the gasoline saved by that used by the reference vehicle. For 
a nominal fraction of miles in urban driving of 0.65, a hybrid ve- 
hicle using lead-acid batteries would have a gasoline savings of 
about 53%. 

The gasoline saved per year depends on the fuel economy of 
the Reference ICE Vehicle. As the fuel economy of the reference 
vehicle is improved, the potential gasoline saving is, of course, 
reduced. Annual gasoline savings using the hybrid vehicle are 
shown in Figure 4-16 for a range of fuel economics for the Refer- 
ence ICE Vehicle. The first two sets of fuel economy (on the left) 
correspond to 1979 values (EPA-corrected and uncorrected) and the 
last two sets correspond to projected 1985 values for a five-pas- 
senger car. The projected EPA-corrected fuel economics (22 mpg-urban ) 
and 32 mpg-highway ) have been used as the nominal values in the 
present study. The' gasoline savings would have been greater had 
the 19 79 EPA fuel economy values been used for the Reference ICE, 
Vehicle. Figure 4-16 shows the strong sensitivity of gasoline 
savings to the base-line fuel economy used for the Reference ICE 
Vehicle. 
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Figure 4-14. Sensitivity of Annual Gasoline Savings 
to Annual Mileage 



Figure 4-15. Sensitivity of Annual Gasoline Savings 
to Fraction of Urban Driving 
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Figure 4-17. Effect of Battery Type on Fuel Saved 
and Ownership Cost 
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a factor of two. The fraction of gasoline saved varies from about 
62% for the 35th percentile owner to about 50% for the 90th per- 
centile. The corresponding gallons of gasoline saved per year are 
215 and 305, respectively. The data given in Figure 4-17 indicate 
that the hybrid vehicle should be equally attractive to a large 
group of buyers and result in large gasoline savings for the en- 
tire group. Figure 4—18, based on the questionnaire data of U » S . 

News and World Report, (4) indicates that a vehicle must be attrac— 
tive to new car buyers in a wide range of circumstances if it is 
to have good market penetration. 

Calculations were also made to assess the effect of design elec- 
tric range on the appeal of hybrid vehicles to a wide group of po- 
tential car buyers. Vehicle electric range was varied from 30 to 
40 mi using the same daily travel statistics as were used in the 
previous marketability study. The results of the calculations are 
given in Figure 4-19. As expected, the ownership cost of the hy- 
brid vehicle increases as its design electric range is increased 
because the battery weight, and thus its cost, is higher. This in- 
crease in ownership cost is relatively small — only about lt/mi 
for a change in electric range from 30 to 40 mi. Also as expected, 
the fraction of gasoline saved increases for all percentiles of 
owners as the electric range is extended. The increase in gasoline 
fraction saved is only about 0.025 for the electric range change 
considered. Hence, one concludes that marketability and fraction 
of gasoline saved are not sensitive functions of electric range — 
at least, in the neighborhood of the 30 mi nominal value used in 
the present study. 

4.6 ENGINE TYPE •• GASOLINE AND DIESEL 

Calculations were made to compare the ownership costs of hy- 
brid vehicles using gasoline and diesel engines as a function of 
fuel price. The ownership costs of diesel engine-powered hybrid 
vehicles using various types of batteries are given in Figure 4-20. 
The ownership cost of the conventional diesel-powered vehicle is 
shown in the figure for comparison. A break-even diesel fuel price 
of about 60$/gal is indicated for a hybrid vehicle using lead-acid 
batteries. At higher fuel prices, the hybrid vehicle shows a clear 
advantage in ownership cost compared to the conventional vehicle. 

The ownership costs of gasoline - and diesel - powered vehi- 
cles are compared in Figure 4-21 and Figure 4-22. The hybrid ve- 
hicles all use lead-acid batteries. The diesel-powered vehicles 
have lower ownership costs, but, as indicated in Figure 4-22, the 
ownership cost savings is greater for gasoline engine-powered hy- 
brid vehicles than for those using diesel engines. The differences 
in ownership cost are, however, quite small — less than lC/mi. 
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Figure 4-19. Effect of Electric Primary Range on 
Fuel Saved and Ownership Cost 
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Figure 4-21. Comparison of Ownership Costs of Hybrid 

Vehicles Using Gasoline or Diesel Engines 
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Figure 4-22. Effect of Engine Type on 
Ownership Cost Saving 
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Section 5 
CONCLUSIONS 


5.1 INTRODUCTION 

Parmetric studies were made using a hybrid vehicle synthesis 
and economics program (HYVELD) to investigate the sensitivity of 
hybrid vehicle cost, fuel usage, utility, and marketability to 
changes in travel statistics, energy costs, vehicle lifetime and 
maintenance, owner use patterns, ICE Reference Vehicle fuel econ- 
omy, and drive-line component costs and type. 

5.2 CONCLUSIONS 

The major conclusions drawn from the sensitivity analysis 
are the following. 

1. Changes in annual mileage are reflected directly in the 
fraction of the miles that the hybrid vehicle can be driven 
primarily on electricity with the marginal effect increasing 
rapidly when the fraction falls below 50%. 

2. For the lowest cost dc electric drive system and high- 
volume production, the initial cost of the hybrid vehicle 
would be $1200 to $1500 higher than that of the conven- 
tional vehicle. This cost differential would be $1600 

to $2100 for low-volume production of the electric com- 
ponents . 

3. For nominal energy costs ($1. 00/gal for gasoline and 4.20/ 
kWh for electricity), the ownership cost of the hybrid 
vehicle is projected to be 0.5 to 1.00/mi less than the 
conventional ICE vehicle. To attain this ownership cost 
differential, the lifetime of the hybrid vehicle must be 
extended to 12 years and its maintenance cost reduced by 
25% compared with the conventional vehicle. 

4. The ownership cost advantage of the hybrid vehicle increases 
rapidly as the price of fuel increases from $1 to $2/gal. 

The effect of the cost of electricity on ownership cost 

is small for electricity prices between 2.50 and 8.50/kWh. 

5. Annual mileage and fraction of miles in urban driving do 
not significantly affect the ownership cost differential 
between the hybrid and conventional vehicles. 

6. Changes in general economic conditions (i.e., the inflation 
rate) do not. significantly affect the ownership cost dif- 
ferential between the hybrid and conventional vehicles. 

7. Annual fuel savings using the hybrid vehicle are strongly 
dependent on the fuel economy baseline used for the Ref- 
erence ICE Vehicle. Using projected 1985 fuel economy 
values, the hybrid vehicle would have a fuel savings of 
about 55% or 250 gal per vehicle. 
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8. Hybrid vehicles would be economically attractive to a wide 
group of new car buyers with the ownership cost and frac- 
tion of fuel saved varying only slightly between the 35th 
and 90th percentile of car owners. 

9. The economic attractiveness of the hybrid vehicle is not 
a strong function of design electric range for changes 
in range between 30 to 40 mi. 

10. Hybrid vehicles using diesel engines have a slight advan- 
tage in ownership cost (0.5 - l.OC/mi) compared to those 
using gasoline engines, but the gasoline engine-powered 
hybrid has a slightly greater ownership cost differential 
advantage compared to the corresponding conventional vehicle. 
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